Miocene sequences composed of volcanic rocks and overlying marine sediments distributing at the Japan Sea side of Southwest Japan have been considered to form related to the rifting and subsequent spreading of the Japan Sea back-arc basin in Miocene time. We performed paleomagnetic investigations on the sequences in the eastern San'in district, the Hokutan and Tottori Groups. Paleomagnetic analyses on samples from 33 sites indicated that characteristic magnetic components from five sites of volcanic rocks in the Hokutan Group and from four sites of marine sediments in the Tottori Group were regarded as primary components. An obtained paleomagnetic direction of the volcanic rocks has an easterly deflected declination (D = 23.9° ± 20.2°), while that of the marine sediments shows no significant deflection in declination (D = 17.8° ± 19.1°). Through the comparison with paleomagnetic data from the Miocene sequences in Southwest Japan, it is suggested that magnetic polarities of the volcanic and sedimentary sequences are assigned to C5Cn and C5Br-C5Bn, respectively, and that the eastern San'in district suffered a clockwise rotation of 24° at around 16 Ma after the early Miocene volcanic activity and before the middle Miocene marine transgression in the whole clockwise rotation process of Southwest Japan related to the Japan Sea opening.
Introduction
In the San'in and Hokuriki districts on the Japan Sea side of Southwest (SW) Japan, Miocene sequences characterized by the lower volcanic units and the upper marine sedimentary ones are distributed mainly at three areas (Figure 1) : the Hokuriku Group in the Hokuriku district, and the Hokutan/Tottori Groups, and the Iwami Group in the eastern and central parts of the San'in district, respectively. The lower volcanic units are composed of subaerial volcanic and pyroclastic rocks formed by intensive volcanic activities in early Miocene time, and the upper marine sedimentary sequences are characterized by an upward change in lithofacies from conglomerate and sandstone under shallow marine environment at its basal part to well-stratified mudstone under deep marine environment, indicating a marine transgression and subsequent rapid subsidence of sedimentary basins in middle Miocene time [1] [2] [3] [4] [5] [6] . The Miocene sequences have been considered to form related to the rifting and subsequent spreading of the Japan Sea back-arc basin in Miocene time [3] .
Paleomagnetic investigations in SW Japan, including researches on the Miocene sequences, have revealed a clockwise (CW) rotation of SW Japan in middle Miocene time associated with the formation of the Japan Sea [7] [8] [9] [10] [11] [12] [13] [14] . Numerical analyses on compiled paleomagnetic data with geochronological age controls [7] indicated that SW Japan was rotated clockwise through about 47° at about 15 Ma for the duration as short as less than 1 m.y. A pivot of the rotation for SW Japan as a coherent block has been estimated between the Korean Peninsula and the western toe of the SW Japan block, and a rapid fan-shape opening of the Japan Sea has been proposed as an opening mode at the climax stage in the formation process of the Japan Sea [7, 15] . Shallow marine deposits at the basal part of the upper marine sedimentary units of the Miocene sequences provide molluscan fossils referred to the Kadonosawa Fauna [16] indicating subtropical to tropical environment [17] . Chinzei et al. [18, 19] suggested that the Kadonosawa Fauna are found in the strata assigned to the N8 and the lower N9 zones of planktonic foraminiferal biostratigraphy of Blow [20] , and that the occurrence of the Kadonosawa Fauna in 16.5-15 Ma is attributed to a regional change in paleogeography around the Japan Sea related to the rapid CW rotation of SW Japan.
In order to clarify the temporal and regional relationship between the CW rotation of SW Japan and tectonic events related to the Japan Sea formation recorded in on-land geology in more detail, paleomagnetic and magnetostratigraphic investigations are still indispensable. We applied the investigations to the Miocene sequences of the Hokutan and Tottori Groups in the eastern San'in district (Figure 1 ). Paleomagnetic data from the two groups are rare, although strenuous paleomagnetic studies have been carried out for the Miocene sequences of the Hokuriku Group in the Hokuriku district mainly with magnetobiostratigraphic analyses and the Iwami Group in the central San'in district with radiometric age dating [8, 11, 13, 14] as mentioned later. We regarded the strata including the Kadonosawa Fauna as key beds, which are considered to represent the initiation of the marine transgression in middle Miocene time, and sampled volcanic and pyroclastic rocks, and sedimentary ones below and above the key bed along several sampling routes.
Geological setting and sampling
Paleomagnetic samplings were performed on the Hokutan Group distributed in YakunoWadayama area around Mt. Kanatoko at the northern area of Kyoto and Hyogo Prefectures and the Tottori Group at the eastern part of Tottori Prefecture (Figure 2) . The Hokutan Group is divided into five formations, namely the Takayanagi, Yoka, Toyooka, Amino, and Tango Formations in ascending order [2, 22] . In the Yakuno-Wadayama area, the Yoka and Toyooka Formations are distributed, overlying the Takayanagi Formation of a basal conglomerate for the Hokutan Group [23, 24] . The Yoka Formation consists mainly of basaltic to andesitic lavas and pyroclastics. K-Ar ages of 19-20 Ma were reported from the Yoka Formation [25] . The Toyooka Formation is composed mainly of conglomerate and sandstone intercalating acidic to intermediate volcanics and is considered to have formed in sedimentary environment of lacustrine in lower and middle part and of shallow marine in the upper part [1] . Molluscan fossils of the Kadonosawa Fauna were found in the Toyooka Formation [24, 26] . The Amino Formation is composed mainly of alternations of sandstone and mudstone deposited in marine environment, which is accompanied with acidic to intermediate volcanics [1, 2, 22] . Planktonic foraminiferal fossils assigned to the lower part of Zone N9 of Blow [20] were found from mudstone layers in the lower part of the Amino Formation [27] . K-Ar ages of 13.5-14.9 Ma were reported for rhyolite samples from the middle part of the Amino Formation [22] . The Tango Formation consists mainly of andesitic to dacitic pyroclastics, lavas, and intrusive rocks [2, 22] , and K-Ar ages of 13.9 and 14.6 Ma were reported from intrusive rocks of the formation [22] .
In the Yakuno-Wadayama area, volcanic sequences consisting of andesite lavas and dacitic pyroclastic rocks in the lower part of the Toyooka Formation and sedimentary ones consisting of conglomerate, sandstone, and alternation of sandstone and mudstone intercalating tuffs Figure 2 . Simplified geological maps of (a) the Yakuno-Wadayama area around Mt. Kanatoko after [23] and (b) the Tottori area after [29] . Solid circles on the maps indicate locations of paleomagnetic sampling sites. Generalized columnar sections of (a) the Hokutan Group in the Yakuno-Wadayama area after [2] and (b) the Tottori Group after Ref. [29] . Relative stratigraphic positions for horizons of paleomagnetic sites and detected magnetic polarities are shown beside the columnar sections. Solid (open) circle denotes normal (reverse) polarity, and open squares denote transitional polarities (see in the text). KF: horizons providing molluscan fossils referred to the Kadonosawa Fauna.
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and andesite lavas in the upper part of the formation were exposed along two forest roads (Figure 2) . From sandstone layers above a conglomerate bed overlying pyroclastic rocks at the boundary between the volcanic and sedimentary sequences, molluscan fossils referred to the Kadonosawa Fauna were found [24] .
The Tottori Group in our sampling area is divided into two formations: the Yazu and Iwami Formations in ascending order [4, 5, 28] . The Yazu Formation consists mainly of thick piles of volcanic rocks, namely the Kawabara Volcanic Member, overlying a basal conglomerate of the Tottori Group (the Koge Conglomerate Member) [4, 5] . The Iwami Formation is subdivided into the following four members: the Moroga Conglomerate, Fuganji Mudstone, Oda Andesite, and Aragane Pyroclastic Members in ascending order [4, 5] . We performed paleomagnetic samplings on the Kawabara Volcanic Member of the Yazu Formation and on the Moroga Conglomerate and Fuganji Mudstone Members of the lower part of the Iwami Formation in the eastern area of Tottori Prefecture (Figure 2) . The Kawabara Member is composed mainly of andesite lavas and andesitic to dacitic pyroclastics and the Moroga Member consists of alternating beds of conglomerate and sandstone [4, 5] . Abundant molluscan fossils of the Kadonosawa Fauna have been found from the Moroga Member [29] . The Fuganji Member is made mainly of black mudstone deposited in deep marine environment.
Matsumoto and Seto [30] found large foraminiferal fossils identical with Operculina complanata japonica from the Fuganji Member, and they correlated the horizon with the fossils to the Blow [20] 's planktonic foraminiferal zones from N8 to the base of N9.
In the Yakuno-Wadayama area, we collected samples from the Toyooka Formation at 16 sites (Figure 2 ): dacitic pyroclastic rocks and andesite lavas in the lower part of the formation at six sites, and in the upper part, volcanic sand, tuffs, and mudstones at nine sites and andesite lava at one site. In the Tottori area, paleomagnetic samples were obtained from the Tottori Group at 17 sites (Figure 2 ): mudstones and tuffs in the Fuganji Member at 10 sites, andesite lava in the Moroga Member at one site, and dacitic pyroclastic deposits and andesite lavas in the Kawabara Member at six sites. Paleomagnetic samplings were carried out by using a gasoline-powered core drill or by hand sampling. Three to ten cores or block samples oriented with a magnetic compass were collected at each site. Two or more cylindrical specimens of paleomagnetic standard size (24 mm in diameter and 22 mm in height) were prepared for each sample. Tilting values of strata were measured at two to eight points in the sampling sites, and mean values in the sites were adopted for tilt correction. Tilting data from dacitic pyroclastic layer intercalating in andesite lava units at WD-1 were used for tilt corrections for four sites of andesite lavas (WD-2, 3, 4, 5) because we did not find any layers in the lava units for measuring the tilting of the lava units.
Paleomagnetic analyses

Experiments
The stability of natural remanent magnetization (NRM) was accessed by progressive thermal and alternating field (AF) demagnetization experiments. The NRM of each specimen was measured with a superconducting rock magnetometer (model 760R of 2G Enterprises) or a spinner magnetometer (model SMD-85 of Natsuhara Giken). Thermal demagnetization was performed in air using an electric furnace with in a four-layer μ-metal magnetic shield. The internal residual field in the furnace is less than 10 nT. AF demagnetization was performed using a 2G AF demagnetizer with a three-axis tumbler system. Two specimens from each site were subjected to the progressive thermal and AF demagnetization experiments, respectively. When the pilot specimens of a site showed linear trends of the vector endpoints decaying the origin of the orthogonal vector demagnetization diagram [31] , remaining specimens of the site were demagnetized progressively mainly by thermal method. AF demagnetization was used on the remaining specimens if the pilot AF and thermal demagnetization results provided similar stable components and AF method appeared to be more effective to isolate the components. The direction of the component displaying as a linear trend on the diagrams was determined by using the principal component analysis [32] . The determined direction with a maximum angular deviation less than 5° was adopted. The component showing the linear trend toward the origin was regarded as a characteristic remanent magnetization (ChRM). The best-fit line for the linear trend toward the origin was anchored on the diagram for determining the direction of ChRM.
Site-mean directions of ChRMs and associated statistical parameters were calculated after Fisher [33] . Site mean directions with α 95 less than 20° were regarded as reliable means of ChRMs and were adopted in the further consideration.
Demagnetization results
Figure 3
shows typical demagnetization behaviors of progressive demagnetization experiments. In samples from 17 among 19 sites of mudstone, tuff, and volcanic sand, low-stability components with northerly declination and positive inclination were observed generally below 200-300°C and/or 10-20 mT, which are probably viscous overprints of the recent geomagnetic field direction. NRMs of samples at the remaining two sites were unstable at lower demagnetization steps in both thermal and AF methods. After removal of the low-stability components, ChRMs were isolated below about 400-480°C and/or 30-40 mT at 11 sites, followed by erratic behaviors of magnetization in higher demagnetization levels (Figure 3a-c) , while no stable component was found in samples of three sites. ChRMs were observed in the demagnetization levels up to 560-600°C at two sites of tuff (YK-9 and TR-9: Figure 3d and e). Mudstone samples of WD-6 provided two stable components below about 360°C: one with northeasterly declination and positive inclination below about 240°C and the other with southwesterly declination and negative inclination between 240 and 360°C. After removal of the two components, ChRMs in samples of WD-6 were isolated between about 360 and 480°C.
Samples from six sites of andesite lavas provided ChRMs above 400-500°C and/or about 20 mT after removals of the low-stability components regarded as the viscous overprint of the recent geomagnetic field direction below about 300°C and/or 15 mT or removals of considerable overlaps of the low-stability components with ChRMs up to about 400°C and/or 30-40 mT (Figure 3f ). The ChRMs in samples of WD-16 were isolated by AF methods more effectively.
Samples from six sites of pyroclastic rocks also showed the low-stability components below about 300°C and 15 mT (Figure 3g-i) . The overlaps of the low-stability components with the higher stability components were also observed up to 400-500°C and 40 mT or more in four sites (TR-10, 11, 14 and 15: Figures 3g and h) . At higher demagnetization steps, samples of four sites provided ChRMs below about 560°C for WD-1 (Figure 3i ) and below 630-680°C for TR-11, 14, and 15 ( Figure 3h ). AF methods were not effective to isolate the ChRMs of TR-11, 14, and 15 because of high coercivity of the ChRMs: samples of the three sites were remained about 40-70% of initial intensity of NRM after AF demagnetization at 100 mT. Samples of TR-10 showed stable components shown as straight lines decaying not toward the origin on the demagnetization diagrams between 520 and 560°C before unstable magnetic behaviors in the higher demagnetization steps (Figure 3g ). The directions of the stable components form TR-10 were close to those of ChRMs from TR-11 and14 as mentioned later.
Characteristic directions
Site mean directions of ChRMs with α 95 less than 20° were obtained from seven sites of sedimentary rocks in the upper Toyooka Formation of the Hokutan Group ( Table 1 and Figure 4) .
The in situ directions with north declination and normal polarity are close to the directions of the present geomagnetic field and the geocentric axial dipole field (Figure 4 ) although the Note: lith: lithology, m: mudstone, t: tuff, al: andesite lava, dp: dacitic pyroclastic rock. n/N: the number of samples used in a site mean calculation (n) and samples corrected at the sit (N), demagnetization: demagnetization levels of thermal (T) or alternating-field (A) methods showing the characteristic magnetic components, D and I: declination and inclination of the mean, respectively, α 95 : the radius of the 95% circle of confidence around the site mean direction, k: Fisher precision parameter. Directions of declination and strike of bedding are corrected by the local geomagnetic declination (7.3°W) at each site. *1: the direction of TR-10 is a mean direction of stable components decaying not toward the origin (see in the text). *2: bedding data is that of WD-1. low-stability components, which are regarded as viscous overprints of the recent geomagnetic field direction, were erased by the demagnetization experiments. Tilt-corrected directions do not show better grouping than the in situ directions ( Table 1) : α 95 and the precision parameter are 5.1° and 140.4 for a mean of the in situ directions, while 6.7° and 81.0 for that of the tilt-corrected. It is probably inferred that the viscous overprints of the recent geomagnetic filed direction were not demagnetized perfectly and/or that tilt corrections were not effective because directional differences in tilting among the sites were little. The ChRMs of the sediment sites cannot be regarded as primary magnetic components acquired before tilting of the strata. Figure 4 ). The directions are grouped more tightly after tilt correction than in in situ coordinate: α 95 and the precision parameter change from 15.1 to 12.1° and from 34.8 to 58.6, respectively ( Table 1 From the lower part of the Tottori Group, site mean directions of ChRMs were obtained at one site (TR-1) of andesite lava in the Moroga Conglomerate Member and at two sites of dacitic pyroclastic rocks (TR-11 and 14) and one site of andesite lava (TR-16) in the Kawabara Volcanic Member (Table 1, Figure 4) . In situ and tilt-corrected directions of TR-1 and 16 show west-southwesterly declination with negative inclination, while those of TR-11 and 14 are characterized by very shallow inclination with southwesterly declination. The directions of TR-11 and 14 are similar to a mean direction of the stable components at TR-10 of pyroclastics (Figure 4) . Mean directions from the three sites of pyroclastics before and after tilt correction have same values of α 95 and precision parameter ( Table 1) . Based on the demagnetization results, the ChRMs of TR-11 and 14 are carried by magnetite and hematite and those of TR-10 are carried by magnetite. The stable components of the three sites seem to be characteristic components of pyroclastic rocks in the horizons of TR-10, 11, and 14, which are close stratigraphically (Figure 2 ) and might have been acquired at the formation time of the pyroclastics although the fold test is not positive for the directions of the three sites. Tilt-corrected directions of the three sites appear to be anomalous, possibly implying that the characteristic components are regarded as a record of anomalous direction of the geomagnetic field during a geomagnetic excursion or polarity change. A mean calculation and fold test for the only two directions of TR-1 and 16 are not meaningful. The stable ChRMs of the sites are considered to be free from the viscous overprint of the recent geomagnetic field based on the demagnetization results as mention above. Tilt-corrected directions of the two sites with negative inclinations are likely to indicate reverse polarities of the horizons (Figure 2 ).
Discussion
The paleomagnetic data from the Miocene sequences in the Tottori and Yakuno-Wadayama areas, the eastern part of the San'in district, imply a CW rotational motion after the volcanic activity prior to the marine transgression and no significant rotation after the formation of the marine sedimentary sequences for the eastern San'in district.
In the Yakuno-Wadayama area, a paleomagnetic direction was determined for the volcanic sequence in the lower Toyooka Formation and shows a significant CW deflection in declination (23.8° ± 20.4°: Table 2 ). A CW rotation of 24° is implied for this area after the volcanic activities forming the lower Toyooka Formation. Sakamoto [34] reported paleomagnetic data from the Toyooka Formation. Site-mean directions were obtained at three sites of sedimentary rocks (mudstone, sandstone, and tuff) and one site of volcanic rocks (rhyolite) showing horizontal bedding (Figure 5 ). An overall mean of the four sites (D = 4.6°, I = 46.4°, and α 95 = 25.1°: Table 2 ) shows no significant deflection from the direction of the geocentric axial dipole field (GADF) expected at this area (D = 4.6° ± 38.0°), indicating no rotational motion after the formation of the Toyooka Formation [34] . Although sampling horizons of Sakamoto [34] in the Toyooka Formation are unknown, it is suggested that no significant rotational movement occurred after the formation of the sedimentary sequence in the upper Toyooka Formation. In the Tottori area, a paleomagnetic direction from the Fuganji Member shows a slightly CW deflection in declination relative to the expected direction of the GADF, but the deflection is not significant statistically (17.4° ± 19.0°: Table 2 ). It is indicated that the Tottori area has suffered no significant rotational motion after the formation of the Fuganji Member associated with the marine transgression. Two tilt-corrected directions from the Moroga and Kawabara Members show large CW deflections in declination (Figure 4) . The CW deflected directions may also imply a possibility to represent a CW rotational motion before the formation of the marine sequence in the eastern San'in district.
Paleomagnetic and magnetobiostratigraphic investigations with radiometric age controls have been performed systematically on the Miocene sequences in the Hokuriku district (Figure 1) , namely the Hokuriku Group and its corresponding strata, by Itoh and his corroborators [14, [35] [36] [37] . Itoh and Watanabe [36] revealed a magnetostratigraphy of the Yatsuo Group in the Yatsuo area (Figures 1 and 5) , which is the lower unit of the Hokuriku Group. The Yatsuo Group consists of the Nirehara, Iwaine, Iozen, Kurosedani and Higashibessho Formations in ascending order [3] (Figure 5) . The Kurosedani and Higashibessho Formations are marine sequences deposited under the marine transgression and subsequent rapid subsidence of sedimentary basins, and fossils of the Kadonosawa Fauna are found in the Kurosedani Formation [3] . A reverse polarity zone in the Iozen, Kurosedani and Higashibessho Formations is assigned to C5Br of the standard geomagnetic polarity scale of Berggren et al. [38] (Figure 5 [36] ). The age range of C5Br is between 15.974 and 15.160 Ma based on Geological Time Scale (GTS) 2012 [39] .
A horizon with normal polarity at the uppermost part of the Higashibessho Formation and a normal polarity zone in the lowermost part of the Iozen Formation and the Iwaine Formation of volcanic sequences is assigned to C5Bn and C5Cn, respectively [36] . The Nirehara Formation shows reverse polarity and is assigned to C5Cr [40] . Note: n: number of sites for calculating a mean, D/I: mean declination/inclination, α 95 : radius of 95% confidence limit for a mean. ∆D is a confidence limit on D, estimated using the following equation: ∆D = sin In the Hokuriku district, paleomagnetic directions from the Kurosedani Formation and its corresponding strata [14, 35-37, 40, 41] show different amounts of CW deflection in declination (Table 2, Figure 5 ): the Sunagozaka/Nanamagari Formations at the Kanazawa-Iozen area and the Kasanomisaki Formation at the Daishoji area show CW deflections of 23.5° ± 18.0° and 33.5° ± 7.3°, respectively, while the Kurosedani Formation at the Yatsuo area shows no significant deflection (3.6° ± 8.8°). The difference in CW deflection among paleomagnetic declinations of the Kurosedani Formation and its corresponding strata has been attributed to the differential rotation in the eastern part of SW Japan caused by a collision of the Izu-Bonin arc just after the CW rotation of SW Japan as a coherent block [35, 42] . Itoh et al. [37] revealed that paleomagnetic directions from the strata assigned to NPD-4A zone of diatom biostratigraphy [43] , namely the Higashibessho Formation at the Yatsuo area and the Kasanomisaki Formation at the Daishoji area (Figure 1) , show no deflection in declination while CW deflections in paleomagnetic declinations are observed in the strata assigned to the diatom-biostratigraphic NPD-3A zone or the foraminiferal zone of N8 and older strata (Table 2, Figure 5 ). It is suggested that the CW rotation of SW Japan occurred at the latest early Miocene assigned to the diatom-biostratigraphic zone of NPD-3B [37] . Itoh and Kitada [14] Figures 1 and 5) , and suggested that the CW rotation of SW Japan may have commenced in the early Miocene and that the rotation was accelerated after the initial stage of marine transgression.
In this study, samples of the Moroga Member and the lower part of the Fuganji Member at the Tottori area show reverse polarities (Figures 2 and 5) . The Moroga Member includes fossils of the Kadonosawa Fauna. The Fuganji Member is assigned to the planktonic foraminiferal zone of N8 and the base of N9 [30] . Compared with the magnetostratigraphy of the Yatsuo Group (Figure 2 ) may be correlated to a normal polarity zone in the Iozen and Iwaine Formations, assigned to C5Cn [40] and to a reversal polarity one in the Nirehara Formation (C5Cr) at the Yatsuo area or possibly one of reverse polarity subchrons in C5Cn, respectively. According to the above-mentioned magnetostratigraphic correlation, it is implied that the CW rotation of 24° inferred for the eastern San'in district occurred at around 16 Ma after the early Miocene volcanic activity and before the middle Miocene marine transgression in the whole process of the CW rotation of SW Japan in Miocene time.
Evolutionary Models of Convergent Margins -Origin of Their Diversity Table 2 . Solid (open) symbols on equal-area nets are on the lower (upper) hemisphere. The geomagnetic polarity time scale and biostratigraphic zonations of planktonic foraminifera and calcareous nannofossils are after Geological time scale 2012 [39] . Ages for NPD zones [43] of diatom biostratigraphy are referred to Refs. [52, 53] . The generalized columnar section and magnetostratigraphy of the Yatsuo Group are modified from Ref. [36] . The generalized columnar section of the Hokutan and Tottori Groups is modified from Refs. [2, 29] , and that of the Iwami Group is modified from Refs. [6, 51] . A paleomagnetic direction of the Fuganji Member shows no significant deflection in declination, implying that a rotational motion related to the CW rotation of SW Japan ceased before the formation of the Fuganji Member related to the marine transgression in the eastern San'in district. If so, it is also inferred that the horizons providing paleomagnetic data in the Fuganji
Member, assigned to C5Br-C5Bn, may be correlated to the Higashibessho Formation and its corresponding strata of the Hokuriku Group assigned to the diatom zone of NPD-4A. A CW deflected site mean direction with reverse polarity from the Moroga Member (TR-1: Figure 4) , which includes fossils of the Kadonosawa Fauna, may imply a possibility that a CW rotation occurred after the initiation of the marine transgression in the eastern San'in district. More detailed paleomagnetic investigations on the Fuganji Member, as well as the upper Toyooka
Formation, may detect a rotational motion at the initial stage of the marine transgression in the eastern San'in district as suggested in the Hokuriku district [14] .
In the central area of the San'in district (Figure 1) Figure 5 ): a paleomagnetic direction of the Kawai Formation with a mean age of 16.1 ± 1.4 Ma shows a CW-deflected declination (38.4 ± 19.8°), while that of the Omori Formation with a mean age of 14.2 ± 0.6 Ma has no significant deflection in declination (0.0 ± 16.0°). Otofuji et al. [8] suggest that more than 80% of the CW rotation of SW Japan occurred between 16 and 14 Ma.
All site mean directions from lavas of the Kawai Formation [8] have normal polarities (Figure 5 ), which may be correlated to the normal polarity zone in the Iozen and Iwaine Formations, assigned to C5Bn, based on the magnetostratigraphy of the Hokuriku Group [36] . A paleomagnetic direction of the volcanic sequences in the lower Toyooka Formation, which is also correlated to the Iozen and Iwaine Formations as mentioned above, has a CW deflected declination of 23.8° ± 20.4°. The deflected declination implies a CW rotation of 24°
for the eastern San'in district. The rotation angle for the eastern San'in district is smaller than the total amount of the CW rotation for Southwest Japan estimated by Otofuji and Matsuda [48] . The amount of the CW deflection from the lower Toyooka Formation appears to be also smaller than that of the Kawai Formation, which might have inferred a differential rotation for the eastern San'in district during the CW rotation of SW Japan. For estimating the difference in declination between the Kawai Formation and the lower Toyooka Formation, expected directions at the representative point of SW Japan (35°N and 134°E) are calculated from the in the whole process of the CW rotation related to the Japan Sea opening as suggested by Otofuji et al. [8] .
Based on the above-mentioned paleomagnetic data from the Miocene sequences in the San'in and Hokuriku districts, it is pointed out that magnetic polarities of the strata including fossils of the Kadonosawa Fauna are different among the Miocene sequences: the strata in the eastern San'in and Hokuriku districts, namely the Moroga Member and the Kurosedani Formation, show reverse polarities assigned to C5Br, while the Kawai Formation in the central San'in district has normal polarity probably assigned to C5Cn. It may be inferred that the marine transgression in the central San'in district occurred before the CW rotation of SW Japan, preceding the marine transgression in the eastern San'in and Hokuriku districts.
On the other hand, according to results of geochronological and paleomagnetic investigations of Sawada et al. [51] in the central San'in district (Figure 5) , it is implied that a CW rotational motion in the central San'in district at about 16 Ma [51] ceased before the formation of the Kawai/Kuri Formations related to the marine transgression. Sawada et al. [51] indicated that a paleomagnetic direction of the Sada Formation with K-Ar ages of 20-19 Ma, which has been previously recognized as the Kawai Formation, shows a large CW deflection in declination (52.5° ± 18.1°: Table 2 and Figure 5 ), while a paleomagnetic direction of the Hata Formation, of which K-Ar ages range between 16.9 and 14.7 Ma, has no significant deflected paleomagnetic declination (9.0° ± 12.0°). Site-mean directions from the Kawai Formation of 15.4° ± 0.6° Ma and the Omori Formation of 14.6° ± 0.8° Ma also show no deflected declinations with normal polarities ( Figure 5 ). According to the results of Sawada et al. [51] , the Kawai Formation with normal magnetic polarity may be assigned to C5Bn or younger normal magnetic chron. More detailed magnetostratigraphic investigations on the Miocene sequence in the central San'in district may be still indispensable in order to clarify the aspect of the Miocene marine transgression in SW Japan related to Japan Sea opening accompanied with the CW rotation of Southwest Japan.
Conclusions
We performed paleomagnetic investigations on volcanic and sedimentary rocks at 33 sites of Miocene sequences at the eastern part of the San'in district in SW Japan, namely the Tottori and Hokutan Group, and suggest the following conclusions:
1. Two paleomagnetic directions were determined for the Miocene sequences in the eastern San'in district as follows: 
2.
Based on the comparison of lithology, magnetostratigraphy, and geochronological data in the Miocene sequences between the eastern San'in and Hokuriku districts, magnetic polarities in the lower Toyooka Formation and Fuganji Member are probably assigned to
C5Cn and C5Br-C5Bn, respectively.
3.
It is suggested that the eastern San'in district suffered a CW rotation of 24° at around 16 Ma after the early Miocene volcanic activity and before the middle Miocene marine transgression, which is attributed to the rotational motion at the climax stage in the whole process of the CW rotation of the SW Japan block related to the formation of the Japan Sea back-arc basin in Miocene time.
